The major portion of the ribose and deoxyribose of the RNA and DNA of Escherichia coli does not arise from the oxidative pathway leading from hexose to pentose.1l3 At least 70 per cent of the pentose arises from nonoxidative pathways in which glucose is converted to triose by the Embden-Meyerhof pathway.4 Triose, in the form of glyceraldehyde 3-phosphate, then receives a two-carbon unit from a two-keto sugar, through the action of the enzyme transketolase. The operation of this pathway explains our findings that in the case where (1-018) glucose is used as the carbon source, all the 018 in the nucleosides isolated from the nucleic acids is in the 5'-positionA4
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In a further study of this pathway, we have prepared (2-018) fructose and used it as the sole carbon source for the growth of E. coli. The oxidative pathway would not produce labeled ribosides, since the oxygen atom of the C-2 position of fructose would be converted to the oxygen atom at the C-1 position of ribose. The C-1 oxygen atom would then be lost in the formation of the sugar-base linkage of the nucleotide. In the nonoxidative pathway, we would expect that if the mechanism of action of aldolase in E. coli is the same as that of the aldolase in muscle,5' 6 all the 018 in the oxygen atom attached to the C-2 position of fructose would be lost in the formation of the Schiff base between fructose diphosphate and aldolase. Therefore, triose formed by the cleavage of fructose diphosphate would not contain 018. If the two-carbon unit received by the triose to form pentose is also derived from fructose, then it would be expected that there would be 018 in the 2'-position of the ribosides. The deoxyribosides, of course, would not contain 018
Analysis of the nucleosides did not confirm these expectations. Adenosine contained high concentrations of 018 in the 4'-position and lower concentrations in the 2'-position, while deoxyadenosine contained the same high concentration of label in the 4'-position. Apparently, the mechanism of action of aldolase in E. coli differs from that of aldolase in muscle. phase at a concentration of about 6 X 108 cells/ml. The cells were ruptured in a blender, and the nucleic acids were isolated by the phenol-extraction method. The nucleie acids were dialyzed against distilled water and lyophilized. The RNA-DNA mixture was hydrolyzed by the action of snake venom phosphodiesterase and 5'-nucleotidase. These enzymes cleave the phosphate ester bonds between the phosphorus and oxygen atoms exclusively, allowing the pentose of the nucleosides to retain its original oxygen atoms. Adenosine and deoxyadenosine were isolated from the hydrolytic mixture by elution from a column of AG-1-X2 (OH-) resin.'0 01' analyses: The distribution of 018 in the nucleosides was measured in a mass spectrometer by observing mass shifts of fragment ions in the mass spectrum. A fragment ion containing 018 will exhibit a peak in the mass spectrum 2.0043 mass units higher than the normal ion containing 016. The intensity of the peaks can be related to the per cent of 08 in the ion as previously described.4 The mass spectra of adenosine and deoxyadenosine have been published."' 12 The fragment ions measured for 018 contained one or more of the oxygen atoms derived from the pentose portion of the nucleoside (see Fig. 1 ). In the mass spectrum of adenosine, the molecular ion at M+ and its isotope peak at (M + 2) + can be used to measure the total amount of 018 in the four oxygen atoms of the ribose moiety. The peak at (M -30) + results from the loss of the 5'-oxygen atom as formaldehyde (see Fig. 1 Fig. 1 , fragmentation c).
The molecular ion can also yield, through a rearrangement process, a fragment ion at (B + 30) + (B = mass of adenyl group), which contains only the 4',-oxygen atom (see Fig. 1, fragmentation b) . Deoxyadenosine also shows peaks in its mass spectrum at M+, (M -30)+, and (B + 30) +. In this way, Q18 can be measured in all positions -of the pentose portion of the nucleosides. The mass spectra were run on a Hitachi RMU-6 mass spectrometer. The direct probe was used for sample introduction at a temperature of about 1600. High-resolution mass spectra were obtained from an AEI MS-9 mass spectrometer.
Results and Discussion.-The high-resolution mass spectra of adenosine and deoxyadenosine were obtained to verify that the peaks being measured were in fact the proper isotope peaks and were not due to other ions that have the same nominal mass. In all cases, only a single peak was present that had the elemental composition expected for the 018 isotope peak of the fragment ion (see Table 1 ).
The average 018 concentration in an ion was calculated from a minimum of five different low-resolution mass spectra. The relative intensities of the ions, with respect to the most abundant ion in the spectrum, m/e 135, are given in Table 2 .
The corresponding values for unlabeled nucleosides are also given. The results show that there is about 10 atom % excess 018 in the 4'-oxygen atom of the nucleosides and, in the case of ribosides, an additional 5 atom % excess 018 in the 2'-oxygen atom (see Table 3 ).
The deoxyriboside contained 018 exclusively in the 4'-oxygen atom with an abundance equal to that in the 4'-oxygen atom of the riboside. This result was not unexpected, since the biosynthesis of deoxyribonucleotides is known to occur through direct enzymatic reduction of ribonucleotides.
In the oxidative pathway leading from hexose to pentose, glucose is phosphorylated to glucose 6-phosphate, oxidized to 6-phosphogluconate, decarboxylated to ribulose 5-phosphate, and isomerized to ribose 5-phosphate. (2-018) Fructose, metabolized via this route through phosphorylation to fructose 6-phosphate and isomerization to glucose 6-phosphate, would be converted into (1-018) ribose 5-phosphate. The resulting nucleoside would not contain 018, since the C-1 oxygen atom of ribose 5-phosphate is lost in the formation of the sugar-base linkage of the nucleotide. The nonoxidative pathway leading from hexose to pentose, via intermediates of the Embden-Meyerhof pathway, involves the following mechanism: Fructose is phosphorylated and cleaved by an aldolase to two triose phosphates. If the aldolase in E. coli is the same as that in muscle of mammals, the aldolasefructose diphosphate complex occurs through a Schiff base. The formation of this Schiff base would remove all the oxygen atoms in the C-2 position of fructose diphosphate, and the trioses finally formed would contain only normal oxygen from the medium. After addition of a two-carbon unit to the triose, the resulting pentose would not contain excess 018 in the C-3, C4, or C-5 positions. This, however, is not consistent with our experimental results, since there is a considerable incorporation of 018 in the C4 position of the pentoses.
Recent investigation of aldolase from several bacterial systems, including E. colij indicates that this enzyme is different from muscle aldolase in both its physical properties and mechanism of action. Unlike muscle aldolase, the bacterial enzyme shows an absolute requirement for a divalent metal ion. Its activity is not significantly inhibited after treatment with NaBH4 and fructose diphosphate, but is completely lost on treatment with EDTA. This suggests that the formation of the bacterial aldolase-fructose diphosphate complex occurs through a metal chelate and not a Schiff base. In this case, the C-2 oxygen of fructose diphosphate would not be lost in the formation of triose phosphate.
When (2-018) fructose 1,6-diphosphate is cleaved to dihydroxyacetone phosphate and glyceraldehyde 3-phosphate by an aldolase that does not involve a Schiff base, 018 will appear in both trioses since they are in equilibrium with each other due to the rapid, reversible action of the enzyme phosphotriose isomerase. The 018 concentration in the 2-position of the glyceraldehyde 3-phosphate must be one half that of the 018 in the 2-position of fructose, since enzymatic equilibration of the trioses dilutes the original 018 concentration twofold. If the twocarbon unit which is added to (2-018) glyceraldehyde 3-phosphate by the enzyme transketolase comes exclusively from fructose 6-phosphate, then the C-2 position of the pentose should contain a much higher 018 concentration than the C04 position. We would expect a labeling ratio of approximately 2:1 for the C-2:C4 positions. This, however, is not the case. We must therefore conclude that the two-carbon unit which adds to glyceraldehyde 3-phosphate can come from 2-keto sugar phosphates that are not labeled in the C-2 position (e.g., xylulose 5-phospliate). One would theni expect 01X to be present in C-1 atid C-4, but sIot in C-2.
Under these conditions, the 018 concentration at the 2'-position of the riboside could be anywhere from zero up to the total concentration of the 2-position of fructose, depending upon the relative proportions of the sugars used as the twocarbon donor.
Ribose could also be labeled by the aldolase-catalyzed condensation of (2-018) dihydroxyacetone phosphate and (2-018) glyceraldehyde 3-phosphate, followed by the reversal of the reactions of the Embden-Meyerhof pathway to yield (2,5-018) glucose 6-phosphate. This hexose phosphate could form (1,4-018) ribose 5-phosphate via the oxidative pathway. However, the participation of this pathway is doubtful, since it is known from other work13 that during active growth there is no significant reversal of the Embden-Meyerhof pathway in E. coli.
Other possible explanations to account for the 018 distribution of ribose may be proposed. Several enzymes specific for the metabolism of D-fructose and its phosphoryloted derivatives have been described for a variety of living cells.'4-'8
The final products of these enzymatic reactions are intermediates of the EmbdenMeyerhof pathway and are further metabolized by this pathway. These enzymes, however, have not been demonstrated in E. coli.
It is apparent from this discussion that (2-018) triose 3-phosphate is a key intermediate in the formation of labeled ribose 5-phosphate from (2-018) fructose. Work is now under way in our laboratory to further clarify pentose formation from 0'8-labeled hexose precursors.
Summary.-RNA and DNA were isolated from E. coli that had been grown on (2-018) fructose. The nucleic acids were enzymatically degraded to the nucleoside level. The distribution of the 018 label in adenosine and deoxyadenosine was determined directly by mass spectrometry. The results show that 018 appeared in the 2'-and 4'-oxygen atoms of the riboside in the ratio 1:2, respectively, and only in the 4'-oxygen atom of the deoxyriboside.
These data are consistent with a biosynthetic pathway in which (2-0 18) fructose is phosphorylated to fructose diphosphate and then cleaved by an aldolase (which does not form a Schiff base with the substrate) to dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. Through the action of transketolase, a twocarbon unit from a two-keto sugar is added to (2-018) glyceraldehyde 3-phosphate to form a pentose labeled with 018 in the C-2 and C4 positions.
